Carbon Fiber Reinforced Polymer (CFRP) composites are widely used in aerospace industry in lieu of its high strength to weight ratio. This study is an attempt to evaluate the machinability of Bi-Directional Carbon Fiber-Epoxy composite and optimize the process parameters of cutting speed, feed rate and drill tool material. Machining trials were carried using drill bits made of high speed steel, TiN and TiAlN at different cutting speeds and feed rates. Output parameters of thrust force and torque were monitored using Kistler multicomponent dynamometer 9257B and vibrations occurring during machining normal to the work surface were measured by a vibration sensor (Dytran 3055B). Linear regression analysis was carried out by using Response Surface Methodology (RSM), to correlate the input and output parameters in drilling of the composite in the longitudinal and transverse directions. The optimization of process parameters were attempted using Genetic Algorithm (GA) and Particle Swarm Optimizatio n-Gravitational Search Algorithm (PSO-GSA) techniques.
Introduction
Fiber Reinforced Plastic (FRP) composites materials are now-adays used for a variety of advanced and sophisticated applications in modern industry. Conventional materials are replaced by FRPs especially Carbon Fiber Reinforced Polymer (CFRP) type in a number of commercial, domestic and engineering applications as an alternative material for different components to take advantage of its high strength-weight ratio, durability and high corrosion resistance. The material is well-suited for aircraft hulls and wings. The material behavior depends on the fiber reinforcement content, fiber orientation, and type of resin used. The Drilling process is most commonly used in the engineering applications to fit the composite materials to other structural members of the system. Tsao et al. [1] evaluated the delamination damage in drilling Carbon Fiber Laminate using compound core special drill. It is found that the feed rate is the most significant factor which affects the delamination damage. Maxime et al. [2] studied the wear mechanisms, hole quality and thrust forces on drilling CFRP-Al stacks using coated and uncoated solid carbide drill bits. The tool wear magnitude was found to depend on the number of drilled holes as the CFRP-Al material is highly abrasive. Turki et al. [3] experimentally investigated the carbon/epoxy composites and found that the spindle speed and feed rate strongly influences cutting forces, crack propagation and delamination damage. Isbilir et al. [4] developed a Finite Element model to correlate the effect of cutting speed and feed rate on the delamination damage, thrust force and torque in drilling CFRP. The results indicate that feed rate has the maximum influence on the thrust force, torque and delamination damage. Ozden et al. [5] investigated the hole-making process in CFRP using multilayered tungsten carbide tool and generated data on the effect of feed rate and cutting speed on delamination damage and surface roughness. They recommend low feed rate and high cutting speed for optimum results in drilling CFRP. Shahrajabian et al. [6] proposed a methodology of drilling CFRP to maximize Material Removal Rate (MRR) by considering the surface roughness and delamination factor. Abhishek et al. [7] developed a mathematical model in machining CFRP to correlate the input process parameters with the experimental results using Teaching Learning Based Optimization (TLBO) and found that the results are comparable to those obtained with Genetic Algorithm. Bonnet et al. [8] the effect of feed rate in drilling on the hole exit damage in CFRP drilling. They have established a correlation between the surface quality and fiber orientation in drilling. Celik http://dx.doi.org/10.1016/j.jestch.2016.04.012 2215-0986/Ó 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). et al. [9] investigated the performance characteristics of silicon aluminum oxynitride (SiAlON) ceramic drill tool on CFRP in terms of drilling force and exit delamination damage and correlated thrust force and exit delamination damage with drill point angle and chisel edge length. Paul et al. [10] investigated the effect of cutting fluids on tool vibration in turning hardened steel. Their results revealed that the hard turning with minimal cutting fluid reduces the vibration and improves the cutting performance. Feito et al. [11] developed a numerical model to predict the delamination damage in drilling CFRP. Their methodology appears useful to reduce the production cost and complexity of the parameter selection in drilling process. Eneyew and Ramulu [12] studied the surface quality and hole damages of drilling CFRP composites and found that the thrust force is significantly affected by the feed rate than the cutting speed. Rubio et al. [13] used special drill tool and high speed machining to study the delamination damage in CFRP. They used digital image system for identifying the delamination damage and found that the high speed cutting reduces the delamination damage with high Material Removal Rate (MRR). Krishnamoorthy et al. [14] implemented fuzzy logic integrated with Grey Relational Analysis (GRA) to optimize the machining parameters of CFRP with multiple objectives. It was reported that the feed rate is most significant input process parameter which affects the response surface variable in CFRP drilling. Krishnaraj et al. [15] conducted high speed drilling experiments on CFRP laminates by using K20 carbide drill bit and used multiobjective optimization to establish optimum machining conditions. They reported that the circularity of the drilled holes is affected by the spindle speed and reduced exit delamination damage with low feed rates. Palanikumar [16] studied the effect of spindle speed and feed rate on the surface roughness, force and delamination factor using GRA. The result revealed that the feed rate is the most influencing factor which affects the response surface than the cutting speed. Karnik et al. [17] used Artificial Neural Network (ANN) model to analyze the delamination damage in drilling CFRP at high speed using cemented carbide twist drill. The analyzed result revealed that the low feed rate and high speed reduces the delamination damage. Estimation of delamination damage was carried out by Grilo et al. [18] by selecting the cutting speed and feed rate along with drill geometry in drilling CFRP. High production rate can be achieved with the spur drill at high speed and feed. The hole qualities of orbital drilling of CFRP was reported by Sadek et al. [19] and reported that the reduced axial force produces high quality holes. Sardinas et al. [20] carried out drilling experiments on CFRP using Taguchi orthogonal array and optimized the machining parameters using GA. Drilling of CFRP and Glass Fiber Reinforced Polymer (GFRP) was done by Lazar and Xirouchakis [21] to analyze the torque and thrust by varying the feed and speed. They recommended the use of high feed rate/tool diameter for obtaining the cutting forces and to measure the torque. Numerical Finite Element (FE) model was developed by Isbilir and Ghassemieh [22] , for drilling CFRP and they reported that the 3D model can be used to develop and design the drill geometry of the cutting tool for minimizing the delamination damage. Balasubbareddy et al. [23] effectively used hybrid cuckoo search algorithm for multi-objective optimization problems and validated the results with Pareto front solutions. Gupta and Kumar [24] used PCA and Taguchi technique to predict the optimum conditions in turning of GFRP. They report that feed rate is the most influencing process parameter which affects the responses. Jiang et al. [25] used PSO and GSA for numerical optimization problems and found that this algorithm is superior to other algorithms in terms of computational time and number of iterations to arrive at end results.
The GA and PSOGSA is meta-heuristic algorithm which will identify the global minimum with a high chance and are naturally applicable for the answer of discrete optimization problems [26] . If customary nonlinear programming techniques are used for this kind of problems, they'll be inefficient, computationally pricey, and, in most cases, notice a relative optimum that's nearest to the starting point (local optimum). To avoid trapping in a local optimum, the PSOGSA uses the power of increasing search space with the power of finding the optima around a good solution. The hybrid PSOGSA possesses a more robust capability to escape from local optimums with quicker convergence [27] . Thus PSOGSA is preferred during this analysis work to optimize the machining process parameter of drilling CFR-Epoxy composite laminate. The PSO-GSA works on the concept of global best from the PSO and local best from the GSA. The advantage of the PSO-GSA is that it convergence to the global best or the optimum value quickly when compared to the PSO and the GSA individually. The results obtained from the drilling experiments reveals that the PSO-GSA is more powerful than the conventional algorithm like GA, PSO and GSA. In light of this we can say that the hybrid PSO-GSA can be effectively used to optimize the machining process parameter of drilling Carbon Fiber/Epoxy composite laminate.
From the literature review, it is felt that the drilling data relating to CFR-Epoxy composites along and across reinforcing fiber direction of the material is scarce. Hence the current study is expected to generate machining data on the Carbon Fiber Reinforced Polymer material.
Materials and methods

Work and drill tool materials
In this study CFR-Epoxy composite (T300, Polyacrylonitrile (PAN) based carbon fiber/two part epoxy resin with a volume fraction of 60%) laminate manufactured by hand layup and auto clave was chosen as the work piece for conducting drilling experiments. The work piece used for the experiments along with their mechanical properties and specifications are presented in Table 1 .
The carbon fiber used in the material is of PAN-based and the average thickness of the fabric is 0.25 mm. The size of the specimen used for the experiment is 150 Â 15 Â 8 mm. The cutting tools of diameter 6 mm, point angle 140°and Helix angle 30°( Fig. 1 ) used for the dry drilling are HSS drill (Miranda Tools India Ltd), Kennametal Solid Carbide Drill (TiAlN Black Coated-KC7325 Grade) and WIDIA Solid Carbide Drill (TiN Golden coated -WU25PD Grade).
Experimental design
The experiments were carried out using Bharat Fritz Werner (BFW) Ltd BMV 40T20 CNC vertical milling machine. Fig. 2 shows the experimental setup.
Three different drill tools were used to conduct the drilling experimental by varying the cutting speeds from 30 to 50 m/min and feed rates from 0.025 to 0.1 mm/rev. The selected experimental parameters and their levels are presented in Table 2 .
Drilling was carried along and across the reinforcing fiber direction of the CFR-Epoxy composite separately for all the L 27 experi- ments. The 3D view of conducting the machining trials is presented in Fig. 3 .
Three trial experiments were conducted and the averages of the responses are taken for optimization so as to minimize the variations in the experimental results. The Kistler multicomponent dynamometer 9257B was used to measure the three orthogonal components of cutting forces i.e., Fx, Fy and Fz for all the trial experiments. The dynamometer consists of multi-component measuring system and multi-charge amplifier channels. These channels convert the charge signals from the dynamometer into output signals. A piezoelectric accelerometer with a sampling rate of 25,600 samples/s was used as vibration sensor (Dytran make 3055B) and it was mounted on the top of the workpiece. The signals from the pickup were fed to a signal conditioner and a vibration indicator. Tool vibration, particularly in the radial direction, is known to have a deleterious effect on the machined surface texture. The experimental values for cutting force, torque and vibration are shown in Tables 3.
Mathematical model
Linear regression analysis was carried by using Response Surface Methodology (RSM), to correlate the cutting force, torque and vibration with the input process parameters in drilling of CFR-Epoxy composite along the longitudinal and transverse direction. Fig. 4 (a-f) clearly indicates that the actual value and the predicted value of the thrust force, torque and vibration are in good agreement to each other. The success rate of predicting the thrust force along the longitudinal and transverse direction is estimated as 97%. Also the average deviation of the predicted value when compared with the actual value of force along the longitudinal and transverse direction is said be approximately 2 N. The average deviation and success rate of predicting the torque along the longitudinal and transverse direction is found to 0.3 Nm and 98%. The success rate of predicting the vibration along the longitudinal and transverse direction is estimated as 98%. Also the average deviation of the predicted value when compared with the actual value of force along the longitudinal and transverse direction is said be approximately 0.0001 lm.
ANOVA results
The validation of the mathematical model was carried out by ANOVA. The coefficients of determination (R 2 ) for all the six cases of the responses are nearer to 1, which indicates the validity of the model developed. The ANOVA results of force, torque and vibration along the longitudinal direction was shown in Table 4 .
From the values of the table it obvious that the feed rate is the most significant machining process parameter with affects the cutting force. The other machining parameter which affects the cutting force is cutting speed and drill bit type. ANOVA results indicate that the feed rate, cutting speed and drill bit type are affecting the cutting force along the longitudinal direction by 51.5%, 36.5% and 10% respectively. In this case the feed rate is alleged to be the foremost influencing process parameter that affects the torque followed by the cutting speed and drill bit type. The torque produced while drilling holes on the CFR-Epoxy composite along the longitudinal direction was significantly affected by the cutting speed, feed rate and drill bit type by 43%, 50.5% and 4.5% respectively. Also it was observed that the vibration during the drilling experiment was mostly affected by the feed rate followed by the cutting speed and drill bit type. The cutting speed, feed rate and drill bit type affects the vibration of the work piece material during by approximately 30%, 62.5% and 4.5%, respectively.
The ANOVA results of force, torque and vibration along the transverse direction were shown in Table 5 . From the values of the Table 5 , it is evident that the feed rate is the most significant machining process parameter with affects the cutting force.
The other machining parameters which affect the cutting force are cutting speed and drill bit type. ANOVA results reveals that the feed rate, cutting speed and drill bit type are affecting the cutting force along the transverse direction by 51.3%, 36.7% and 6% respectively. In the next case the feed rate is supposed to be the foremost influencing process parameter that affects the torque followed by the cutting speed and drill bit type. The torque produced while drilling holes on the CFR-Epoxy composite along the transverse direction was significantly affected by the cutting speed, feed rate and drill bit type by 39.5%, 55.5% and 3.5% respectively. The feed rate is observed to be the significant machining process parameter which affects the vibration during the drilling of CFR-Epoxy composite, followed by both the cutting speed and drill bit type. The contribution of each of the machining parameters which affects the vibration approximately by 68.4% of feed rate and 26.10% of cutting speed and 2% of drill bit type.
Results and discussion
3.1. Effect of cutting speed, feed rate and drill material on thrust force
The variation thrust force in drilling with cutting speed and feed rate for different tool material are presented Fig. 5(a and b) . The value of thrust force decreases with the increase of cutting speed from 30 m/min to 50 m/min; but the thrust force increases with feed rate in the range investigated. Decrease in axial thrust with increases in cutting speed can be assigned to enhanced cutting temperature at high cutting speed. Similar results are reported by other investigators [4, 6, 16] . With TiAlN tool material the drilling force was observed to be minimum and this observation can be assigned to highest hardness value of the material compared to those of TiN and HSS tool material and least tool wear and tool shape degeneration expected. The machining condition of cutting speed 50 m/min, feed rate of 0.025 mm/rev and drill material TiAlN turnout to be the optimum values for drilling of the CFR-Epoxy material over the parameter range investigated.
Effect of cutting speed, feed rate and drill bit type on torque
The result of varying cutting speed, feed rate and drill bit type on the torque along longitudinal and transverse direction of drilling CFR-Epoxy composite is shown in Fig. 5(c and d) . Due to the brittle nature of the epoxy resin, the magnitude of the torque is observed to be smaller. It is seen that the torque value decreases with increasing cutting speed. Similar trend was reported by other investigators using similar composites [4, 6, 16] . Drilling torque is seen to increase with increasing feed rate; this is to be expected as the volume of material undergoing deformation during machining increases linearly with feed rate. The reduced torque observed with TiAlN drill tool can be assigned to increased hardness and retention of tool geometry during machining compared the HSS and TiN. From the Fig. 5 it's evident that the smallest amount torque occurred while drilling the CFR-Epoxy composite is at high cutting speed of 50 m/min, low feed rate of 0.025 mm/ rev and the drill bit type is TiAlN coated solid carbide tool. The optimum machining conditions remains the same as those for axial thrust, namely highest cutting speed, lowest feed rate and hardest tool material employed for the investigation.
Effect of cutting speed, feed rate and drill bit type on vibration
The influence vibration on varying the cutting speed, feed rate and drill bit type while drilling CFR-Epoxy composite material along the longitudinal and transverse direction are shown in the Fig. 5(e and f) . When the cutting speed increases from 30 m/min to 50 m/min, the vibration value reduces according, this is due to the fact that the hardness value of Carbon fiber and drill bit type are higher. However in the case of the feed rate, the vibration value increases when the feed rate increases from 0.025 mm/rev to 0.1 mm/rev. In the case of the drill bit type, vibration decreases with the drill bit type of TiAlN -coated solid carbide tool but increase while drilling with the HSS and TiN tool. The vibration can be minimized by machining with the combination of high cutting speed (50 m/min), low feed rate (0.025 mm/rev) and drill bit type of TiAlN.
Surface morphology of the drilled holes
SEM images of sample machined surfaces are given in Fig. 6 . In Fig. 6 (a) debonding of fiber from resin is seen. Fig. 6(b) shows a sample surface with internal delamination. Fig. 6(c) shows a good surface texture while drilling with TiAlN tool at 0.025 mm/rev feed rate. Machining the material with HSS drill bit at cutting speed of 30 m/min and feed rate of 0.1 mm/rev shows defects like voids, fiber fracture as illustrated in Fig. 6(d) . Fig. 6(e) shows a rough surface texture that occurred at machining of 30 m/min and feed rate of 0.1 mm/rev. Fig. 6(f) shows an apparently acceptable surface texture that occurred with TiAlN drill tool at 50 m/min cutting speed and lowest feed rate employed, 0.025 mm/rev. The surface quality investigation using SEM suggest optimum surface finish with highest cutting speed employed, lowest feed rate used and hardest tool material TiAlN.
Optimization of process parameters
Genetic Algorithm (GA)
The Genetic Algorithm (GA) [28] is basically population based search and optimization algorithm used to minimize the objective function subjected to the constraints. The basic idea of GA was first introduced by Holland in the year 1975. The GA works on the principles of natural genetics and search. The computational processes of GA are done by reproduction, crossover and mutation.
In a random fashion, initial the population is set, and then the fitness value of the objective function is calculated based on the initial population. Once the fitness value is found out and then by means of roulette wheel selection process, crossover and mutation takes place. These process crossover and mutation of the new offspring continues for the fitness function evaluation.
Numerical simulation of GA
GA simulation for the function thrust force along the longitudinal direction Minimize ¼ 119:061 À 0:363056v þ 293:651f À 26:6361d À 0:00638889v 2 À 903:704f 2 þ 6:46111d Step 2: The strings generated randomly are used to evaluate the fitness function. Table 6 shows the fitness value of initial population.
Step 3: Carry out the reproduction process.
Step 4: The new population are produced by reproduction, crossover and mutation. Table 7 shows the mutation and crossover.
Step 5: The new population is once again used to find the fitness value (Table 8 ).
Step 6: Check the Termination criteria, since the value of thrust force did not converge, we move to the next iteration. Repeat the step 2 until convergence of thrust force is achieved. At the end of one generation the value of the fitness function reduces from 78.34 to 71.362
Particle Swarm Optimization-Gravitational Search Algorithm (PSO-GSA)
Kennedy and Eberhart introduce the concept of the position and velocity based meta-heuristic algorithm called the PSO in the year 1995 [29] . The PSO was popular for its efficiency to converge to the optimum value quickly and it works on the principle of altering its position velocity based on the new and its previous value.
Rashedi et al. [30] introduced a new population based search algorithm called GSA in the year 2007, based on the principal of gravitational and law of motion. In GSA, the variables are considered as objects and these objects are evaluated by means of masses. The variables attract each other by means of the gravitational force, which in case move all the variables towards the heavier masses. The optimum/good solution for the problem corresponds to the heavier masses.
where v is the velocity, Feed rate (f): 0.025 6 f 6 0.1 Drill bit type (d):
1 6 d 6 3
Step 1: Assume the number of particle/size of the as 4. Initialize the population of cutting speed (v), feed rate (f) and drill bit type Table 6 Population and fitness value of GA.
String no
Initial population (randomly generated)
Decoded value Y = f (X) (d). The position of the particle is represented as ''X" and its velocity during iteration is represented as ''V".
Step 2: Based on the position of the particle, evaluate the fitness function and velocities.
Step 3: Update the pBest, select the random numbers
Step 4: Update the position and velocity. The best value of the position, Pbest along with the random numbers uniformly distributed between 0 and 1 is given in Table 9 .
Step 5: The initial value of the acceleration, mass and force related to PSO-GSA are set as 0.
Step 6: Update the fitness function value (Pbest) for the new position and velocity.
Step 7: The updated value of the Pbest and Gbest is shown in Table 10 .
Step 8: Check the Termination criteria, since the value of thrust force did not converge, we move to the iteration 2. Repeat the step 2 until convergence of thrust force is achieved.
Iteration 2
The results Pbest and Gbest at the end of the iteration 2 are shown in Table 11 .
Since the value of thrust force did not converge, we move to the next iteration and repeat the step 2 until convergence of thrust force is achieved.
Validation of GA
The conventional GA available in MATLAB R2012b optimization toolbox was used to find the optimum values of cutting speed, feed rate and the type of drill bit. The objective functions for the GA are set to be of minimum value. In the current drilling experiments, GA carries out 27 numbers of trials for each of the objective to minimize the thrust force, torque and vibration. The parameter setting for executing the GA was presented in Table 12 .
The objective of minimizing the thrust force, torque and vibration are subjected to the constraints of the machining process parameters such as 30 6 v 6 50, 0.025 6 f 6 0.1 and 1 6 d 6 3.
The simulation results of GA along with the optimum machining conditions are presented in Table 13 . The convergence of GA towards the optimal values is shown in Fig. 7 .
From the Fig. 7 , it is clear that it takes almost 60 numbers of generations to achieve at the optimum point. But as we see from the graph that the convergence of the optimum value is not smooth enough without oscillations. From the above results of GA, it possible to predict the machining condition which yields low thrust force, torque and vibration while drilling CFR-Epoxy composite laminate. Finally the optimum machining condition for obtaining minimum thrust force, torque and vibration when drilling CFR-Epoxy composite are at a cutting speed of 50 m/min, feed rate of 0.025 mm/rev and drill bit type of TiAlN solid carbide tool
Validation of PSO-GSA
The PSO-GSA was used to find the optimum values of cutting speed, feed rate and the type of drill bit. The objective functions used for the PSO-GSA are set to be of minimum value. In the current drilling experiments, PSO-GSA carries out 27 numbers of trials for each of the objective to minimize the thrust force, torque and vibration. The parameter setting for executing the PSO-GSA was presented in Table 14 .
Optimization of the machining process parameter in drilling CFR-Epoxy composite laminate was done by executing the PSO-GSA using MATLAB R2012b software. The algorithm was executed for a swarm size of 30 and 100 iterations, to obtain the minimum value of thrust force, torque and vibration subjected to the constraints of the cutting speed, feed rate and drill bit type. The average computational time for executing a single run is of 10 s. The optimum levels of process parameters along with the minimum values of the objective function obtained from the PSO-GSA are presented in Table 15 .
The convergence of PSO-GSA towards the optimal values is shown in Fig. 8 .
From the Fig. 8 , it is clear that it takes only few numbers of iterations to achieve at the optimum point. Also it is observed that the convergence of the optimum value is smooth enough without much oscillation when compared to the GA. Hence it is concluded that the PSO-GSA is more powerful than the GA in arriving at the optimal solution quickly without much delay. 
Comparison of the GA and PSO-GSA the optimum condition
The predicted values at the optimum machining conditions (50 m/min, 0.025 mm/rev and TiAlN-Drill Bit type) obtained from the GA and PSO-GSA are tabulated and presented in Table 16 . These values clearly indicate that their exist correlation between the actual and predicted value. Also it is evident that the results of PSO-GSA are more superior to the GA. Hence we conclude that the hybrid PSO-GSA is more powerful tool and can be extend to all the other application of engineering problems. 
Table 14
Parameter setting for PSO-GSA.
Parameters Values
Size of the swarm, N 30 Max iteration 100 PSO parameter, C 1 0.5 PSO parameter, C 2 1.5 Gravitational constant, G 0 1 
Conclusions
Machining trials by drilling holes on CFR-Epoxy composite was performed at different levels of cutting speed, feed rate and using drills made different tool material types, to evaluate axial thrust, drilling torque and work vibrations. The experimental data and the analysis performed point to the following conclusions:
1. Axial thrust decreases with increasing cutting speed, increases with increasing feed rate and is minimum with hardest tool material employed. The value of thrust force in drilling in a direction normal to the fiber is more than those for along the fiber. 2. The optimum machining conditions for the input parameters investigated are the highest cutting speed, the lowest feed rate and the hardest tool material employed. 3. The ANOVA analysis of the data indicate that the feed rate is the most influential process parameter which affects the thrust force, torque and work vibration. 4. The SEM analysis of the machined surface indicate occurrence of debonding defects at the surface, internal delamination during machining exposed to the surface generated, presence of defects like voids, fiber fracture and rough surface texture at certain machining conditions. The optimum surface finish appears to occur at the highest cutting speed, lowest feed rate and hardest tool material employed. The selection of optimum machining conditions appears critical in avoiding the defects. 5. The GA and PSO-GSA techniques were employed to predict optimum machining conditions over the ranges of parameters investigated. The predicted result of the two techniques agrees closely. The PSO-GSA appears superior to the RSM and GA techniques in terms of computational time and the number of iterations to arrive at the end results. 
